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We propose a terahertz radiation source based on the excitation of plasma resonances in graphene
structures by means of mixing two NIR laser signals with a THz difference frequency. The process
is the photo-thermo-electric effect which has recently been demonstrated to be operative at THz
frequencies in graphene. An antenna couples the THz radiation out of the sub-wavelength graphene
element and into the far field. The emission is monochromatic with a bandwidth determined by
that of the NIR laser sources. The output power of the device as a function of the emitter frequency
is estimated at 10’s of µW ’s.
Introduction
Terahertz (THz) radiation has important uses from se-
curity to medicine,1 however the THz spectral range is
notoriously underdeveloped because of the lack of room
temperature sources and detectors. As a result little tech-
nology exists for this otherwise attractive ultra high fre-
quency band. Recent work suggests that graphene, a
single atom thick carbon honeycomb lattice, may be the
key to a robust THz technology. Graphene has a gapless
Dirac electronic spectrum and a strong specific coupling
to light. The gapless character implies optical coupling
at all frequencies. Moreover, doped graphene exhibits
plasmonic charge density waves that allow resonant exci-
tation in micron sized samples with dipole radiation.2
Recently, room temperature THz detectors have been
demonstrated that operate on a photo-thermo-electric
principle.1 THz absorption in a graphene element raises
the temperature of the graphene carriers, which then dif-
fuse to the contacts made of dissimilar metals and pro-
duces a photo voltage proportional to the Seebeck coef-
ficient of the graphene.
In this paper we propose a room temperature tunable
THz emitter based on the photo-thermo-electric effect in
graphene. There are several sources for THz radiation
currently available, but they all have significant limita-
tions or disadvantages. For example both photo-mixing
and direct mixing in GaAs offer only ∼ 1 mW up to
1 THz.3,4 The same is true for backward wave oscilators.5
The quantum cascade laser6 offers significant power and
tunability but only at high THz frequencies and at a very
high cost. We are proposing a new kind of photo-mixing
in single layer graphene where near-infrared (NIR) laser
radiation generates photo-thermal voltages that excite
plasmons in a graphene element that then radiate their
energy to the far field by means of an antenna. Some
simple implementations of this approach are described
below followed by a brief discussion of various physical
processes that affect the operation.
Photo-thermal-electric plasmonic emitters
The carriers in doped graphene form a two-dimensional
(2D) electron gas, whose dynamics at femtosecond time
scales are essentially decoupled from the supporting lat-
tice. Absorption of a photon in the NIR or visible range
will excite an electron/hole pair producing carriers far
from the Fermi level. Subsequent electron/electron scat-
tering, occurring on a time scale of tens of femtoseconds,7
quickly distribute the absorbed energy of the electron
with other carriers resulting in a local quasi-thermal dis-
tribution. Diffusive transport of these local hot carri-
ers will occur up to frequencies corresponding to these
time scales, in particular at THz frequencies. A pho-
ton source for this type of excitation could be a spatially
and/or temporally patterned NIR laser beam. When di-
rected onto a doped graphene sheet it would create a
spatial thermal pattern of localized hot carriers within
the graphene electron gas. The Seebeck effect will pro-
duce an electric field corresponding to the gradient of the
thermal pattern. Temporally varying the NIR pattern at
THz frequencies will result in THz currents. Such tem-
poral variation can be attained by interfering two sepa-
rate NIR beams whose difference frequency is in the THz
spectral region. Generation of plasmons in the graphene
sheet will occur if the spatial and temporal features of
the incident radiation intensity are related to the plas-
mon dispersion:
ω2p =
e2EF
~2λ
where λ is the plasmon wavelength, ωp = 2pif is radial
frequency of the plasmon which corresponds to the dif-
ference frequency of the incident NIR light, and  is the
dielectric constant of the environment of the graphene
sheet.
Figure 1 illustrates a particular configuration consist-
ing of a graphene strip whose length (the distance be-
tween the antenna contacts) is chosen to have a plasma
resonance corresponding to the desired THz frequency.
The graphene element is coupled to an antenna for far
field emission. Two incident interfering collinear NIR
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2FIG. 1: (color online) A Graphene strip of length L couples to
an asymmetric antenna. Uniform illumination by two inter-
fering collinear laser beams with a THz difference frequency
excites a standing plasma resonance in the graphene through
the photo-thermo-electric effect. The sub-wavelength energy
in the graphene is coupled into the far field using an antenna.
The graphs schematically illustrate the resulting temperature
profile, and the currents, fields, and charge densities in the
graphene and the antenna. The monopolar plasma excita-
tion for this case requires an asymmetric antenna for efficient
coupling.
laser beams of different optical frequencies directed as
a spot onto the graphene will heat the carriers in the
graphene strip and, through the thermo-electric effect,
excite a plasma resonance whose frequency corresponds
to their difference frequency. The low wave impedance
of the graphene relative to the metal of the antenna re-
sults in antinodal current boundary conditions for the
graphene plasmons.
In the structure illustrated in Fig. 1, uniform illumina-
tion by the NIR laser beams produces a symmetric tem-
perature distribution which is clamped at T = T0 by the
metal contacts. The plasma excitation excited by this
temperature distribution will have an even charge dis-
tribution but antisymmetric currents and electric fields.
Therefore, the resonance represents a monopole oscilla-
tion. The standing plasma oscillation may be considered
as two running plasmons traveling in opposite directions
each of which will excite currents in the antenna. How-
ever, because these currents are of opposite phase, the an-
tenna must be asymmetric in order to radiate efficiently,
as will be discussed later. As described above the input
laser beam delivers energy to the electron system that
is converted to heat by electron/electron scattering. We
may represent the result as a simple heat input flux with
spatial and temporal variation, I(x, t) = I(1 + e−iωt),
where ω = ω1 − ω2 is the THz difference frequency.
The photo-thermo-electric response to this heat input
is diminished by the cooling of the electrons through
heat transport to the lattice. However, diffusion cool-
ing dominates provided that the sample length is less
than the diffusion length ξ =
√
ke/G where G is the
thermal conductance to the lattice and ke = ΛσT is
the electron thermal conductance with Λ = pi
2
3 (
kB
e )
2 is
the Lorenz number and σ is the electrical conductivity.
The thermal conductance due to acoustic phonon emis-
sion has been calculated and leads to diffusion lengths
of several microns for typical doped graphene samples.8
However, recent attention to this issue has focused on
the enhancement of the lattice conduction from the in-
creased phase space for phonon emission due to disorder.9
This leads to electron cooling to the lattice of the form
Hl = −A(T 3 − T 30 ). Measurements support this effect10
and give a cooling rate of A/α ≈ 5.5 × 108 K−1s−1 for
a sample with µ ≈ 8000 cm2V−1s−1 and n ≈ 1012 cm−2,
where α is the specific heat coefficient of the electron
gas. This implies a diffusion length ξ ≈ 1µm at room
temperature. The emitters that we are considering are
optimized for lengths less than 1µm. Therefore Hl will
be neglected in our analysis.
The electrical transport in response to the absorbed in-
cident modulated NIR intensity, I(x,t), is therefore gov-
erned by the general transport equations and we can
write:
∇J = σ∇E + eTΛσ′(−∇2T ) = ρ˙
∇Ju = eT 2Λσ′∇E + eTΛσ(−∇2T )
= I(x, t) +
1
2
Re(E · J∗)− Ce dT
dt
(1)
where, J is the electrical current density, Ju the heat cur-
rent density, ρ the charge density, Ce =
pi2
3 D(EF )k
2
BT =
αT is the electron specific heat withD(EF ) as the density
of states at the Fermi energy EF , σ
′ = ∂σ∂E
∣∣
EF
and σ is the
electrical conductivity. The 12Re(E · J∗) term represents
the power transferred to the electron system by the de-
cay of the plasma resonance. For the geometry of Figure
1 with uniform intensity I = I0, the spatial dependence
of ∆T = T − T0, ∇J , and ∇E are all even symmetric.
The time average incident laser power produces a static
temperature rise: T 2DC(x)− T 20 = I0Λσ(0)x(L− x).
The general solution to the transport equations given
in Eq. 1 can be found by expanding T −T0, ∇J , and ∇E
in a Fourier series. We take the origin taken on one of the
contacts so that ∆T =
∑
nAn sin
2npi
L x + Bn cos
2npi
L x.
We will focus on the even n = 0 mode which has the
largest effect. The in-plane electric field and currents are
related through the wave impedance of the plasmons:11
E = −ik2¯ω J = −ikZWJ , where Z = (2¯ωW )−1 is the wave
impedance, W is the width of the graphene strip and ¯
is the effective dielectric constant of the environment of
the graphene.
3FIG. 2: (color online) Two separate laser spots are centered
on the two contacts to the graphene element, each consisting
of two collinear NIR beams with a difference frequency in the
THz spectral region, are temporally out of phase by pi radians
and generate a dipolar plasma excitation that can be coupled
to the far field using a symmetric dipole antenna. This version
of the emitter requires higher spatial resolution for the NIR
illumination.
For simplicity we consider these equations in the lin-
earized form for ∆T = T (x) − T0 which is sufficient to
illustrate the principle and allow estimations of the out-
put power of the device. We ignore the E · J∗ term since
it will be small compared with the total power, even at
optimum operating conditions, due to the Carnot effi-
ciency. The solution for the current amplitude for the
n = 0 Fourier term is then
J0 =
eT0Λσ
′k2I0
(iωC − ΛToσk2)(k + iσk2Z) + ie2T 20 Λ2σ′2k4Z
(2)
where k = pi/L and I0 = 4I/pi. The carrier scattering
in graphene for the relevant conditions for this device
is dominated by elastic screened-Coulomb scattering so
that small angle scattering is not strong. Therefore the
relaxation time approximation is appropriate for both
electrical and thermal transport coefficients and so the
Drude model, σ = ne2/m(γ − iω) = EF e2/pi~2(γ − iω),
may be used, where γ ≡ 1/τ is the carrier scattering rate.
Therefore, Eq. 2 can be written as
J0 =
2
pi e
σ′
σ kv
2
Fω(ω + iγ)I
[ω(ω + iγ)− ω22 ][ω(ω + iγ)− ω2p]− [(kBT )σ′σ ω2ωp)]2
(3)
where ωp is the plasma resonance frequency given by
ω2p =
ne2
2m¯
pi
L =
EF e
2
2~2¯L and ω
2
2 = (kvF )
2/2 which corre-
sponds to second sound — an entropy wave traveling
close to the Fermi velocity. The resonant form of Eq.
3 suggests plasmons coupled to second sound. Such a
possibility has been recently discussed.12 However, it is
expected that the second sound mode is strongly Lan-
dau damped and that it morphs into the plasmon for the
finite doping case we are considering.12 Indeed the fre-
quency terms in the numerator of Eq. 3 greatly diminish
the second sound contribution compared with the plas-
mon since ω2 < ωp so that this semiclassical treatment
may be consistent with that of ref. 12.
The resulting power delivered to the graphene plasma
resonance from the NIR source is then:
Pin =
1
2
W Re
[ ∫ L
0
J∗ · E dx
]
= Re
[
W
4σ
]
|J0|2
=
Wpi~2
4EF e2
|J0|2
(4)
To estimate the expected output of this emitter we use
Eq. 4 to calculate the power in the plasmonic mode. This
also gives an estimate of the expected radiation output
of the device, since coupling the emitter element prop-
erly to an antenna would allow the emission of approxi-
mately half of this power as narrow band THz radiation
in the far field. Since the device will not function well
when the temperature rise is high, due to increased con-
duction to the lattice and reduced carrier mobility, it is
useful to express the output in terms of the maximum
DC temperature rise at the center of the graphene strip,
(T − T0)max = 4IΛσ(0)/L2 ≈ 150 K. This gives rise to a
strong dependence on L. We take (T − T0)max ≈ 150 K
for the purpose of these estimations. The output is also
strongly dependent on the mobility of the graphene.
As an example, for L = 0.5µm, W = 10µm, EF =
40 meV , µ = 10, 000 cm2V−1s−1, σ(0) ≈ 2 × 10−4 Ω,
and a temperature rise of 150 K corresponding to an
input NIR intensity of 104 W/cm2, the resulting Pin
is 4µW at the plasma resonance at 2.4 THz (the rela-
tive dielectric K ≡ ¯/0 = 7 was taken to correspond
with graphene on SiC or Si). Increasing the mobility to
µ = 100, 000 cm2V−1s−1 leads to a Pin comparable to
the incident NIR power of approximately 1 mW. How-
ever, when the 12Re(E · J∗) term of Eq. 1 is taken into
account, we expect that the output power will be lim-
ited by the Carnot efficiency of the device as well as the
coupling efficiency to the antennas.
Taking an effective relative dielectric of K = 3, cor-
responding to graphene on SiO2, we obtain an output
Pin ≈ 2µW at the plasma resonance at 4 THz. Again, in-
creasing the mobility to µ = 100, 000 cm2V−1s−1 leads to
Pin comparable to the incident NIR power. We see, there-
fore, that the device promises microWatt output power
over the THz range. How high in frequency this device
can be expected to operate depends on the assumption of
quasi thermal equilibrium, which is established through
the rapid electron-electron scattering. Therefore the up-
per limit over which this thermo-electric mechanism can
be expected to operate is given by ωτe−e < 1. For
τe−e ∼ 10 fs this implies an upper limit of order 10 THz.
Zomer et al.13 have achieved µ = 125, 000 cm2V−1s−1
for n = 4.3 × 1010cm−2 at 300 K on an h-BN substrate.
4This corresponds to an EF of only 24 meV. The resulting
resistivity is ∼ 103 Ω which impacts the process of cou-
pling the power to the antenna as discussed below. Also
we note that the theory of supercollision cooling predicts
that ξ ∝ γ−1/2 and otherwise independent of EF .9 Thus,
for higher mobility graphene, domination by diffusion is
more easily satisfied.
Many other configurations are possible each with their
own advantages and disadvantages. For example, by us-
ing a more complex excitation scheme, the half-wave de-
lay may be eliminated. Figure 2 illustrates one such ar-
rangement. Two laser spots temporally out of phase by
pi radians heat the sample at different points. Thus, one
side of the graphene is heated while the other cools (rela-
tive to the mean) resulting in a dipole mode that can be
coupled directly to a conventional symmetric antenna.
This arrangement requires that the wavelength of the
lasers, which are used for heating, are smaller than that
of the plasmon wavelength allowing the small pattern to
be generated. It also requires careful focusing and posi-
tioning as shown in the figure. Other possibilities include
longer graphene segments which can support multiple pe-
riods of standing plasmons. This allows more driving
power to be applied with the potential for more output
power. Longer segments may actually benefit from heat
conduction to the supporting substrate. Another consid-
eration is the dielectric constant of the supporting sub-
strate, which can allow control of the spatial frequency
of the plasmon resonance. Also, the output of the emit-
ter scales directly with the width of the graphene. This
allows more laser power to be directed onto the graphene
and a lowering of the matching impedance.
Photo-thermal-electric p-n junction emitters
The configurations shown in Figures 1 and 2 excite
plasma resonances and therefore are particularly effective
as emitters at relatively high THz frequencies as can be
seen from Eq. 3. However, they do not make good use
of the Drude band of the optical response of graphene
and this device will not function well at low frequencies
where the plasmon wavelength dictates a large graphene
length L and therefore a high DC temperature rise.
At lower frequencies a more efficient configuration uti-
lizes p-n junctions in graphene as illustrated in Fig-
ure 3. In this case the NIR generated temperature
profiles produce oppositely flowing electron currents in
the n-region and hole currents in the p-region result-
ing in a uniform oscillating electrical current that will
couple efficiently to a dipole antenna. Consider the
mode in which the currents on the two sides are in
phase. Here we assume both equal carrier densities and
Fermi energies in the n and p regions. There is a so-
lution of the transport equations for the p-n junction
in which J = J0e
−iωt, where J0 is uniform, and the
electric field is E0 =
eTΛ(σ′/σ)I0
ΛTσ(1−β)k2−iωCe | sinpix/L|, where
β = e2T 2Λ(σ′/σ)2. Consequently, there is a voltage
FIG. 3: (color online) A graphene p-n junction device is uni-
formly illuminated by two interfering collinear laser beams
with a THz difference frequency. The NIR generated tem-
perature profiles produce oppositely flowing electron currents
in the n-region and hole currents in the p-region. In the low
frequency limit, a uniform oscillating electrical current is pro-
duced that will couple efficiently to a dipole antenna. The
spatial variations of the Fermi energy, temperature, electric
current, and E-field are illustrated.
drop across the device of ∆V = −2 ∫ L/2
0
E0(x) dx and
as a result a current satisfying ∆V = Ie(R+ ZL), where
Ie = WJ0, R(ω) = L/Wσ(ω) is the impedance of the
graphene element, and ZL is the impedance of the exter-
nal circuit or antenna. The power in the device is then
determined by
P =
pi2~2
2
(
v2F
eE2F
)2
×
I20 (σ
′/σ)2(γ2 + ω2)
|(1− β)ω22 − ω(ω + iγ)|2
Re(R(ω) + ZL)
−1
(5)
An upper limit of the power available from the device
is given for ZL = 0, so that Re(R(ω) + ZL)
−1 = 1/R(0),
which is the DC conductance of the device. Since β ≈ 1
for typical operating conditions, the resonance frequency
is less than the second sound frequency. This low fre-
quency resonance is in the single particle continuum
(ω ≤ kvF ) and so should be broadened by Landau damp-
ing, which should flatten the low frequency response.
From Eq. 5 it follows that the output falls off as ω2.
5The available power at 1 THz is estimated to be 50µW
for L = 0.3µW, EF = 0.1 eV, and τ = 1 ps.
Discussion
In general it should be possible to couple out an appre-
ciable fraction of the power in these devices into radiation
by employing appropriate antennas. The p-n junction
device is simply a dipole oscillator and will couple to a
simple dipole antenna. However, all these devices require
short lengths to limit the temperature. For the plasmonic
oscillators of Figures 1 and 2, coupling the laser gener-
ated plasmonic energy into THz radiation will require
antennas since the plasmonic wavelengths in graphene
λp are much smaller than free space wavelengths λ0. At
the plasma resonance the graphene presents a purely re-
sistive load to the antenna as can be seen by considering
the graphene element as a transmission line of length
λp/2. Therefore the fraction of the power that can be
coupled to radiation is Pa/Ptotal ∼ Ra/(Ra +Rg) where
Ra is the radiation resistance of the antenna and Rg is
the resistance of the graphene element. When matched,
half of the power is convey to the antenna. Since the
resistance of graphene is 30 Ω . R . 5000 Ω, match-
ing is feasible and facilitated by adjusting the width W
of the graphene element. For the uniformly illuminated
device of Fig. 1, the n = 0 plasmon is monopolar and
couples resistively with the antenna but with antiphase
currents, which do not radiate well when coupled to a
symmetric antenna. To couple well to far field radia-
tion for this case it is necessary to use an asymmetric
antenna as illustrated in Fig. 1. By having one arm ap-
proximately λ0/4 long and the other 3λ0/4 long, similar
to that of the offset, single-feed Windom antenna, the
device will radiate efficiently.14 Essentially, the extra λ/2
section acts as a half wave delay. Alternatively a single
quarter wave one sided antenna can be used but likely
with lower efficiency.
One of the important applications of this emitter is as
a local THz oscillator. Uses would include heterodyne
detection of the emission lines of molecules at THz fre-
quencies. Surprisingly, even though the emitter uses a
thermal process to generate the plasmons, the spectral
width of the output is limited only by the width of the
exciting lasers. However, to insure that higher power
lasers possess linewidths much narrower than the differ-
ence frequency desired it may be necessary to cool higher
power junction lasers to reduce the thermal broadening.
The heated graphene element only introduces the noise
equivalent to the thermal black body, which is only kBT
per mode. For a graphene temperature as high as 1000 K
this amounts to less than a picoWatt of power over the
50 MHz bandwidth of molecular emission lines.
Conclusion
In summary, we have described devices for THz emis-
sion based on mixing of two NIR laser signals on graphene
elements through the photo-thermo-electric effect. The
emission is monochromatic with a bandwidth determined
by that of the NIR laser sources. Plasmonic reso-
nances provide a resonant response for uniformly doped
graphene at high THz frequencies. For p-n junctions of
graphene, low THz frequency oscillators are expected.
The resulting THz power may be coupled to the far field
by antennas.
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